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Abstract 
The presented results concern mnieralogic-petrographical investigations (XRD analysis, SEM analysis, microscopic observations 
in polarized light) of rock samples from drilling cores of Budziszewice structure (Zaosie and Buków boreholes) as a potential 
CO2 storage site for Belchatów Power Plant, which is the largest in Poland and Europe brown coal combustion Power Plant. 
Examined samples represent Lower and Middle Jurassic rocks from potential reservoir formations (vari-grained quartz 
sandstones) and cap rocks (laminated mudstones and claystones), from depths of 838-1436 meters. Also the geochemical 
modeling with use of Geochemist’s Workbench 7.0.1. package in two stages was performed. The main aim of the modeling was 
to determine the changes rock matrix and the reservoir parameters, that could occur due to CO2 injection. The simulations 
allowed to determine the suitability of the formation for carbon dioxide storage. The first one was aimed at simulating the 
immediate changes in the aquifer and insulating rocks impacted by the beginning of CO2 injection (100 days), the second – 
enabling assessment of long-term effects of sequestration (20 000 years).  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The results of research presented in this article are results of work carried out under the national program: 
"Assessment of formations and structures for safe CO2 geological storage, including monitoring plans”. It is realized 
by a consortium of Polish scientific and research - implementation institutions, coordinated by the  Polish 
Geological Institute. This project has to identify potential places for carbon dioxide storage for PGE Elektrownia 
Bełchatów SA. That institution makes preparatory work leading to build the construction of demonstration CCS 
plant, which is to be integrated with a newly built block with a capacity of 858 MW. CCS project realized by the 
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Elektrownia Bełchatów was selected, with six other European projects, to the program implemented under the 
European Economic Plan for Recovery.   
In the area of Bełchatów, after carrying out preliminary research and analysis, three potential areas for carbon 
dioxide storage were identified (Wojszyce, Lutomiersk and Budziszewice structures). Currently ongoing research 
will allow the final selection one of them for the storage of CO2. The successful operation of an CCS installation in 
the Elektrownia Bełchatów will let demonstrate the application of this technology on a large scale, which is a 
necessary step for its dissemination and commercialization [1]. 
The aim of this study was detailed mineralogic-petrographical characteristics of rock samples from the reservoir 
formation and cap rocks cores from the region of the Budziszewice structure (Zaosie and Buków drillings). They 
were used with the available physicochemical data for the geochemical modeling Rock-Brine-CO2 reactions (see eg. 
[2], [3], [4], [5]).These studies are important in considerations for the use of this structure reservoir rocks for the 
purposes of geological sequestration of carbon dioxide. The results of this type of research can also be used as an 
output of laboratory experiments investigating the effect of CO2 on the rocks and brine occurring with them (see eg.  
[4], [5], [6]). 
2. Material and methods 
The study involved eight rock samples representing Lower- and Middle Jurassic rocks, the potential reservoir 
formations (sample 1, 2, 3, 7) and cap rock (sample 4, 5, 6, 8), from a depth of 838-1436 meters from the area of 
Buków 2 (sample 7, 8) and Zaosie 2 boreholes (other samples) (Table 1). Results were used to conduct geochemical 
modeling of carbon dioxide effect on the reservoir and cap rock.  
Table 1 List of analysed rock samples (porosity and permeability values were taken from the Oil and Gas 
Institute in Krakow.  
No Depth [m] Rock type Porosity from porosimeter [%] 
Permeability 
mD 
1 836.50 sandstone 27.17 1098.358 
2 838.10 sandstone 27.15 832.486 
3 840.90 sandstone 26.05 1155.052 
4 912.40 claystone 6.05 lack of data 
5 914.60 claystone 6.09 lack of data 
6 1235.20 mudstone 1.68 lack of data 
7 1435.60 sandstone 21.47 0.01 
8 1436.00 mudstone 6.46 lack of data 
At selected eight samples following mineralogic-petrographical tests were carried out: microscopic observation 
in transmitted light (including planimetric analysis), mineralogical analysis by SEM-EDS, XRD analysis. 
Microscopy observations in transmitted light and planimetric analysis were performed using a JENALAB of Karl 
Zeiss Jena polarizing microscope. Scanning electron microscope Hitachi S-4700 field –emission equipped with a 
Noran Vantage EDS micro-analytical system, as well as back-scattered electron detector (YAG BSE) were also used 
for the observations. X-ray diffraction analysis was performed using a DRON - 3.0 diffractometer. The average 
diameter of grains was calculated using image analysis of photographs taken in transmitted light using Mathworks 
MATLAB 2007. Specific surface of grains (SSM) were calculated assuming a spherical model, for the molar 
volume and molecular masses of minerals (Table 2). 
Results of mineralogical studies, together with petrographic data of analyzed rock material (porosity, 
permeability (Table 1)) and data on the physicochemical parameters of brine (age – J1, pH – 6.0, TDS[g/l] – 4.62, 
Cl-[mg/l] – 709.1, SO42-[mg/l] – 369.8, HCO3-[mg/l] – 159.8, CO32-[mg/l] – 372, Ca2+[mg/l] – 400.8, Na+[mg/l] – 
350, K+[mg/l] – 80) were used for geochemical modeling. A methodology proven in realization of the 
implementation other works of a similar nature [7], [8]. Modelling was carried out using the The Geochemist's 
Workbench 7.0.1 (GWB) geochemical simulator, adopting the following reservoir parameters: P = 91 bar and T = 
36.1 º C (for rocks occurring at depths up to 1000 m b.t.s.) and P = 126 bar and T = 44.1 º C (for rocks occurring at 
depths below 1000 m below the surface). Two stages were included: the first corresponds to short-term reactions 
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(100 days) and the second corresponding to the long-term (20 000 years), the kinetic reactions of CO2 with the rock 
matrix.  
3. Results of mineralogic-petrographical examinations 
Mineralogic-petrographical studies have shown that the vari-grained build reservoir formation, where as cap 
rocks are represented by claystones and siltstones.  
Reservoir series sandstones are characterized by a psammitic texture, and massive, random fabric. XRD analysis 
(Figure 2) showed that the dominant mineral is quartz (average 90%), also highlights a small amount of feldspar 
(average 5%), occasionally ferruginous minerals (on average 1%). Single micas and clay grains were isolated in the 
SEM observations (Figure 1). Sandstone intergranular silica-clay regenerated cement, is developed to varying 
degree. Numerous pores were also observed in these rocks.  
Cap rocks are represented by siltstones and claystones. Mudstones from Buków region are characterized by 
massive ordered structure with a loose grained skeleton and aleurite texture. However, in the case of Zaosie these 
rocks have massive disordered structure with a loose grained skeleton and pellite texture. In both cases, the mineral 
composition is dominated by quartz (average 75%) in smaller quantities micas were observed (average 10%), clay 
minerals (average 7%) and ore minerals (on average 1%). A cement has clay-silica character. In the XRD analysis of 
clay fraction separated from the mudstone kaolinite smectite and illite were observed.  
Claystones are characterized by massive, ordered structure, fine-grained, pellite and aleuro-pellite texture. The 
lamination is visible in the macroscopic as well as in microscopic observations. In the transmitted light observations 
quartz and silica minerals (average 11%), feldspar (average 8%), clay minerals (average 11%), micas (average 3%) 
and ore minerals (an average of 1% wt.) were separated in the mineral composition. SEM analysis have 
demonstrated occasional grains of rutile, zircon and pyrite (framboidal). XRD studies showed the presence of 
quartz, illite and kaolinite. XRD analysis from clay fraction extracted from claystones revealed the presence of 
kaolinite, illite, smectite and micas.  
Figure 1 Examples of SEM microphotograph of sandstone, mudstone and claystone. 
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Figure 2 Examples of XRD diffraction patterns for sandstones, mudstones and claystones. 
The results of the specific surface of the basic minerals calculations found in the analyzed rocks are presented in 
Table 2.  
Table 2 The specific surface of analyzed minerals [cm2/g].
4. Results of geochemical modeling 
The purpose of  the geochemical modeling was to determine mineral changes in the tested rocks and changes of 
reservoir parameter that may occur as a result of CO2 injection. This type of simulation allows to determine if 
selected geological formation is appropriate for the geological storage, ie whether the reservoir parameters will not 
significantly deteriorate under the influence of injection of carbon dioxide, as well as whether there will be no 
deterioration in sealing performance of cap rocks. 
Only gas phase and CO2 (aq) - dissolved in water was considered. The reaction rate based on proper constant 
values of reaction have been taken to the kinetic reaction modeling [7]. This procedure allows to calculate the time 
in which the system (rock-gas-water) begins to block the CO2 injected to it in the form of mineral phases and 
estimation of the time in which it reaches a set state or dynamic equilibrium.  
Sample no. 1 2 3 4 5 6 7 8 
Well Zaosie 2 Zaosie 2 Zaosie 2 Zaosie 2 Zaosie 2 Zaosie 2 Buków 2 Buków 2
Quartz 2.27 1.89 1.89 226.56 141.60 11.33 3.78 75.52 
Chalcedony 68.66 68.66 68.66 - - 68.66 68.66 75.52 
Kaolinite 1156.49 1156.49 1156.49 1156.49 1156.49 1156.49 - 1156.49
Illite - 1085.75 - 1085.75 1085.75 1085.75 1085.75 1085.75
Muscovite 105.98 105.98 105.98 - 132.48 105.98 105.98 105.98 
K-feldspar 2.35 - - - - 11.73 3.91 78.23 
Goethite - - - - 87.87 7.03 4.26 46.86 
Pyrite - - - 119.73 74.83 - - - 
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Modeling of kinetic reactions occurring in the geological environment represented by the reservoir and cap rocks, 
was conducted based on the results of eight rock samples.  
Two stages were taken into consideration in the model research. The first stage corresponds to the increase of the 
gas pressure injected into the geological space of the analyzed aquifer to the appropriate fCO2 value, its lasts 100 
days. Second stage  – describes long-term CO2 kinetic reactions with rock matrix, running after the end of gas 
injecting into the rock process.  
In the article only examples of results for the reservoir and cap rock were presented due to extensiveness and 
repeatability of the geochemical modeling research results for different rock samples.  
Sandstone - sample no 1 
In the first stage of modeling, lasting 100 days, there is an increase of CO2 pressure values to the expected fCO2 - 
55.2 bar value. A visible result is a significant increase in concentrations of CO2 (aq) and small - HCO3- and a pH 
reduction in pore water from 7.0 to about 3.4. Volume changes in the crystallizing or passing to the solution 
minerals, as a result of analyzed kinetic reactions, are small (Figure 3). The disintegration of kaolinite (about 0.0015 
cm3) is mainly responsible for the increase in porosity and to a much lesser extent, other components of the rock.  
The second stage, lasting 20 ka, reflects the reaction of CO2 with the rock matrix after the end of the injection
process (a key step in storage). It is characterized by a slow pressure decrease from initial fCO2 - 55.2 bar to about 
54.1 bar. This is accompanied by corresponding changes in reaction and other parameters related to the carbonate 
equilibrium. There is a decrease in CO2(aq) concentrations at the expense of HCO3- concentration increase. 
The increase in pore water pH, to a value of about 4.8 is noticeable. The slight increase in porosity is not 
important for the rock’s tightness.  
The recrystallization of kaolinite, chalcedony and quartz, at the expense of potassium feldspar, muscovite and 
siderite is characteristic (Figure 4). Volumes of newly precipitating minerals and minerals passing into solution are 
balanced. Therefore the porosity remains nearly unchanged. Among the crystallizing phases there are no minerals, in 
which trapping of injecting carbon dioxide could occur.  
Claystone – sample no 4 
In the first stage, lasting 100 days, decrease of pore waters’ pH from 8.0 reaches values around 4.8. The anortite 
resolution is the main process, compensated by beidelite, calcite and gibbsite crystallization (Figure 5). This 
phenomenon has no effect on the change in porosity of rocks.  
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Figure 3 Changes of minerals quantities on the stage 
of CO2 injection – sample no 1.
Figure 4 Changes of mineral volumes after the injection 
termination – sample no 1.  
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The second stage is characterized by a sudden drop in pressure from initial fCO2 - 55.2 bar to a value close to 0 
bar. Equally dramatic are the changes in pH and other parameters related to the carbonate equilibrium. A sudden 
severe drop in concentrations of CO2(aq) and small - HCO3- concentration. The increase in pore water pH value 
reaches about 9.5. The decrease of porosity reaches 2.6% (approximately 40% relative to baseline), which may be 
important for increasing the tightness of the sealing medium.  
For the second stage calcite and kaolinite crystallization is characteristic. In the early periods ia. gibbsite and 
beidelite crystallize, and then break down. The rapid anortite disintegration and systematic quartz, being a part of the 
rock matrix, disintegration is also characteristic (Figure 6).  
Among the crystallizing phase only calcite combine a large part of injected carbon dioxide (Table 3). 
Sequestration capacity of analyzed rocks was calculated taking the following assumptions: unit rock volume 
(modeled) - UVR is 0.01 0,01 m3, porosity (pre-injection period) is np. Thus, the volume of grain skeleton in m3,  
measured in units of UVR, is 100 (1- np). Within the modeled area of the rock mass, in each of the UVR elements, 
determined quantities (volume) of minerals disintegrate or crystallize, which gives a basis for calculating the amount 
of CO2 tied in them. The chemical composition of pore waters obtained by modeling also allows the calculation of 
the amount of CO2 in the solution (mainly in the HCO3- form). After the expiry of the modeled time 20 000 years the 
porosity of the rock environment equal nf  is obtained [8].  
5. Discussion 
Mineralogic-petrographical studies allowed to determine the contribution of individual minerals in the rock 
matrix as well as the type of cement and the participation of the pores. Given that the size distribution in the skeleton 
of the analyzed samples is dominated by low reactivity of minerals (quartz, minerals, micas), where the speed of 
dissolution of these minerals is relatively low. Minerals of low reactivity (quartz, micas), dominate in the skeleton of 
the analyzed samples, where speed of dissolution of these minerals is relatively low. As a result it can be concluded 
that CO2 influence on the rock  in the presence of brine does not significantly worsen the reservoir properties of 
reservoir rocks and sealing parameters for the cap rocks (see [4]). 
Results of modeling for the period of 20 000 years shown, that mineral phases able to trap CO2 are dawsonite, 
siderite, calcite and/or dolomite. Mineral sequestration capacity, calculated on the basis of modeling results, ranges 
from 0.0 to 11.1 kg/m3 of the formation for sandstones. The mineral sequestration capacity for cap rocks ranges from 
0.9 to 15.4 kg/m3 of the formation. Changes in porosity values during the modeling time are insignificant in case of 
sandstones. On the other hand the cap rocks’ porosity decrease reaches 30 % to 40%. 
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Figure 5 Changes in volume of minerals at the stage of 
the gas entering - sample 4. 
Figure 6 Changes in quantities of rock matrix minerals 
after injection of the gas - sample 6873.  
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Table 3 Mineral and dissolution trapping capacity of analysed formations. 
The researches were made within the national Project: “Assessment of formations and structures for safe CO2
geological storage, including monitoring plans” made to order of Ministry of The Environment, financed by 
National Fund for Environmental Protection and Water Management
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1 2 3 4 5 6 7 8 
sandstone sandstone sandstone claystone claystone mudstone sandstone mudstone
np -primary  0 
ka 27.17 27.15 26.05 6.05 6.09 1.68 21.47 6.46 Porosity 
nf - final  20 ka 28.6 28.4 25.7 3.8 5.3 1.64 22.49 6.7 
Dawsonite - 0.250 0.106 - - - 0.104 - 
Dolomite - - - - 0.120 0.010 0.014 - 
Siderite - - - - 3.630 0.020 - 1.227 
Precipitating 
Minerals 
mol/UVR 
Calcite - - 3.065 0.711 - - 0.070 - 
mol/UVR - 0.250 3.171 0.711 3.750 0.210 0.188 1.227CO2
Mineral trapping * kg/m3 - 0.801 10.320 2.938 15.499 0.924 0.651 5.051 
mol/l 0.050 0.068 0.071 5.3e-06 0.020 0.007 0.086 4.58e-04CO2 
Solubility trapping 
* kg CO2/m
3
 0.632 0.845 0.799 8.86e-06 0.048 0.005 0.855 0.001 
SUM [kg CO2/m3] 0.632 1.646 11.119 2.938 15.547 0.929 1.506 5.052 
*) – explanations in the text 
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